Coordinated manipulation of micro-scale objects is critical for advancing several emerging applications such as microassembly and manipulation of biological cells. Most of the existing designs for micromanipulators are designed to accomplish primarily spatial positioning functionalities using positioning stages. Relatively, there are very few micromanipulators capable of 'grip-and-place' functionality that comprises both gripping and positioning at micro-scales. However, such manipulators are generally bulky. This paper introduces a novel concept of a miniaturized micromanipulator with multiple fingers for coordinated planar manipulation that involves both gripping and positioning of micro-scale objects. In this micromanipulator, multiple independently actuated fingers coordinate with each other to accomplish the manipulation. The paper presents a systematic design of the micromanipulator through shape optimization of each finger for a rationally chosen topology and a proof-of-concept prototype of the device fabricated using conventional microfabrication processes. Experimental results characterizing the input-output behavior of a finger mechanism in the prototype device are presented and an excellent correlation between the experimental results and the theoretical results validating both the design and the fabrication of the micromanipulator prototype is demonstrated. Experiments involving coordinated manipulation of 15 µm diameter polystyrene microspheres using multiple fingers in the micromanipulator station are also presented.
Introduction
Micromanipulation, the task of manipulating objects of size in the range 0.1-100 µm, is very important in micro-assembly, characterization of micro-scale objects and the study of mechanical response of biological cells and tissue. Several designs and prototypes for accomplishing manipulation at micro/nano-scales have been presented in the literature. These devices can be group into three categories according to their intended functionality: (i) precision micropositioning stages, (ii) microgrippers to be used in conjunction with positioning stages and (iii) devices involving integrated functionality of gripping and positioning at micro-scales in a single device to accomplish 'grip-and-place' of micro-scale objects.
Manipulator devices that primarily accomplish micropositioning functionality include the 6-DOF micropositioning stage based on magnetic levitation principles [1] , a rigid 6-DOF parallel platform for precision 3D micromanipulation utilizing pressurized deformable cylinders as micro-actuators [2] , a 3-DOF parallel micromechanism utilizing flexure hinges [3] , a parallel manipulator articulated with five revolute type flexure joints [4] and a multi-degree of freedom device comprising soft gel actuator elements for soft micromanipulation [5] . Other devices in this category include micropositioners [6, 7] .
Examples of microgrippers include the pickupand-release device utilizing pressure variations based on temperature changes inside micro-holes [8] , the electrostatically driven microgripper [9] , individually actuated fingers comprising piezoelectrically bending unimorphs [10] . Other grippers in this category include those proposed in [11] [12] [13] . In addition, some grippers have also been developed specifically for manipulation of nano-scale objects. Kim and Lieber [14] have developed nano-tweezers comprised of carbon nanotube bundles attached to a glass micropipette, which upon application of a bias voltage have been used to manipulate 500 nm nanoclusters of polystyrene. Molhave et al [15] have developed electrostatically actuated microfabricated grippers mounted on a rotational/translational stage for manipulation of samples (nanotubes/nanowires) with thicknesses less than 200 nm inside an SEM. The microgrippers discussed here require positioning stages for mounting and positioning the gripper in order to extend their functionality as manipulators.
The 'grip-and-place' type of devices, which essentially combine gripping and positioning tasks at micro-scales, are highly advantageous to the manipulation tasks in the emerging MEMS applications such as assembly of microfabricated components in microfactories and manipulation of biological cells in mechanotransduction studies. In addition, such devices offer the prospect of coordinated motion of multiple grippers and manipulators that is desirable to advance many of these applications.
The 'grip-and-place' type of micromanipulators published in the literature include the following: the chopstick manipulator [16] that is capable of manipulating micro-scale objects in three dimensions, the MINIMAN, a piezoceramic bimorph actuated locomotive robot on which probes can be mounted [17, 18] , positioning stages with magnetically driven end-effectors that physically push mechanical parts to carry out assembly [19] , a micro-hand for the dexterous manipulation of small mechanical parts and biological objects [20] and a micro-robot that integrates a microgripper with a piezo positioning stage [21] . However, some these 'grip-andplace' devices (e.g. chopstick manipulator [16] ) are macroscale devices designed to manipulate micro-scale objects, and as such, they are rather bulky for complex maneuvers and require high degree of dexterity in handling.
On the other hand, micro-scale manipulators that are created by integrating microgrippers with positioning stages require further assembly after fabrication in order to realize the device. For such applications as precision manipulation and assembly of micro-scale objects, a miniaturized device for micromanipulation tasks would be more desirable from not only practical considerations, but also performance considerations as the ambience-induced errors are generally minimized with the reduction in the scale of the device. Such a MEMS-scale mechanism with combined gripping and positioning functionality has not been reported in the literature.
This paper presents the development of a new compliant mechanism-based micromanipulator, called the micromanipulator station, for 'grip-and-place' manipulation of micro-objects through dexterous coordinated movements of multiple end effectors. The following sections describe the concept, design methodology, fabrication and experimental characterization of the new device that is tailored for manipulating microspheres of diameters in the range of 10-25 µm. 
A new concept for coordinated micromanipulation
Conceptually, the micromanipulator station is a miniaturized, monolithic compliant mechanism comprised of multiple fingers. Figure 1 shows a specific instance of this concept featuring four fingers arranged orthogonally. Each finger can interact with every other finger in the station and all fingers are independently controlled. Each finger in the micromanipulator station is comprised of an end effector structure called a pincher that directly interacts with an object and a body that modifies and transmits the input displacements to the tip of the pincher or fingertip. Each finger is actuated by two inputs, located symmetrically about the pincher, at the base of the body (see figure 2) . The input to the finger is either a displacement or force at each actuation point and the output is the modified displacement and force at the fingertip. The finger can move with equal propensity on either side of the pincher. The range of motion of all of the fingertips defines the workspace of the manipulation station. Within the workspace area, the pinchers of various fingers coordinate with each other with a predefined motion controlled through independent inputs at the base of the fingers to grasp, rotate and/or move and position microscale objects in the plane of the fingers. Figure 3 illustrates two examples of coordination actions of the fingers.
This proposed manipulator is best suited for applications where fine manipulation or assembly of a finite number of micro-scale objects is required. For such a manipulation, the manipulator station can be positioned on a flat substrate and the objects to be manipulated could be brought from above and dropped in the workspace region of the manipulator. This strategy was successfully employed in the manipulation of microspheres in this work as described in section 5. Alternatively, the micromanipulator station could be lowered on to a substrate such that the objects to be manipulated lie in the workspace region of the station.
The 2D micromanipulation station presented in this paper is a generic structure with a footprint limited to a size of 1 cm × 1 cm, and its design is guided by the actuation limits of a range of potential microactuators that are suitable for chipscale integration with the device. Miniaturized piezoelectric materials, generally available commercially (for example [22] ), are best suited for such integration and actuation in the force and displacement range of the fingers. However, for the concept demonstration, the prototype fabricated for this study is actuated by manual probing instead of integrated microactuators. The following sections detail the design methodology, fabrication experimental characterization of kinematic behavior of the prototype device, and coordinated manipulation of micro-spheres.
Design

Design problem statement
The conceptual design of the micromanipulator station shown in figure 1 is optimized to obtain appropriate shape and dimensions of the fingers to accomplish coordinated manipulation of microspheres. The design strategy involves the following steps: (i) selection of a generic topology, (ii) selection of a suitable objective function with appropriate design constraints and derivation of its mathematical expression and (iii) posing the design constraints and requirements as an optimization problem and solving the problem. The generic initial topology or ground structure for the finger is shown in figure 4 . The figure shows the finger anchored at two locations with the two inputs (displacement or force) applied in the plane of the finger symmetrically with respect to the pincher tip. This choice of the topology is based on the lever principle that amplifies input displacements by pivoting the mechanism about the anchor (hinge) points. For this study, the micromanipulator station is designed to comprise of four such fingers symmetrically arranged as shown in figure 1.
For any manipulation task, it is generally desirable to have the effective workspace of the manipulator as large as possible within a given footprint size of the device. Towards this goal, maximization of the effective workspace is chosen as the objective function for shape optimization of each finger of the manipulator. The effective workspace is essentially the area of reach where all the fingers in the manipulator station can interact and carry out coordinated manipulation. When each finger is considered independently, its free workspace can be shown to be a rhombus as shown in figure 5 under the assumption of a linear response of the finger for a specified range of the input displacement. The largest possible intersection of the concentric free workspaces (four rhomboids) of the individual fingers yields the common workspace of all of the four orthogonally arranged fingers, W c , which is an equilateral octagon, as shown in figure 6 . The presence of gripping forces between the fingers and the object during its manipulation tends to distort the common workspace, W c , and thereby the effective workspace area where all of the fingers can reach and interact with each other, W e , is smaller than W c , as illustrated in figure 7. Thus,
where W e is the effective workspace for coordinated manipulation, W c is the common workspace for all four fingers, W o is the part of the common workspace in which gripping and coordination cannot occur due to its distortion. However, under the typical order of the forces involved in the manipulation, W o is very small in comparison to W c , and thus negligible, i.e., W o ≈ 0 and W e ≈ W c . Thus, maximization of the effective workspace, W e , is effectively the same as maximizing W c . Therefore, the objective of the design is to maximize W e ≈ W c . The common workspace, W c , which is the area of the equilateral octagon ( figure 6 ) is given in terms of side 'S,' and the interior half angle φ as
where
for θ (π/4), and
The relationship between φ and θ in the above expressions is illustrated in figure 8 .
The following constraints are applied on the design:
• Input constraints. The input actuation is limited to be in the range 0-10 µm in displacement, d in , and 30 mN is taken to be the maximum actuator force, F in , considering the typical stroke and force capabilities of most microactuators [23] . The input actuators are assumed to be connected to the mechanism at the actuation points with in-plane force/displacement applied parallel to the pincher length.
• Geometry constraints. The design space for the overall dimensions of each finger is restricted to a rectangle of dimensions 5 mm × 5 mm. The maximum value of the dimension 'l' for the manipulation station (figure 1) is limited to 8 mm so that the overall size (L × L) of the manipulation station can be within a footprint of 1 cm × 1 cm. The parameter 'l' is given by l
where H is the height of a finger (figure 8).
• Microfabrication constraints. The finger tip or pincher, the smallest feature size on the finger, is constrained to be 10 µm, the limits of conventional microfabrication with silicon as the material.
Finally, using the above objective function and constraints, the design problem is posed as 
Finger footprint area 5 mm × 5 mm (see figure 4) . (7) 
Design optimization
The above design optimization problem was implemented and solved via a finite element (FE) model of the ground structure created in MATLAB environment using beam elements. The locations of the nodes at the connections, orientations and thicknesses of the beam elements in the frame model define the shape of the structure. Figure 9 shows the nodes that define the position and orientation of these beam elements. The locations of the nodes and widths of elements that connect these nodes constitute the design variable vector,x. The symmetry of the finger is exploited to reduce the number of design variables in the model. The design inputs to the FE code are also the design variables in the optimization model. The FE program computes W c as a function ofx and the constraints imposed on the model. The relationship W c (x) is nonlinear due to the nonlinear dependence of structural stiffness on the locations and thicknesses of the beam elements as well as the nonlinear nature of the W c expression. The optimization was carried out in MATLAB using the nonlinear constrained optimization function fmincon, which uses a sequential quadratic programming (SQP) method to obtain optimal solutions. Appropriate geometric constraints were employed in the FE code to prevent impractical solutions where the nodes of the ground structure would float over the design domain to such an extent that the links would fold over one another. Figure 9 shows the arrangement of the beam elements for the initial solution to the shape optimization of the ground structure; the initial values of in-plane widths of the beam elements along with their upper and lower bounds are tabulated in table 1. The two links that anchor the finger to the outer frame are called anchor links. The width of the pincher portion of the finger was kept constant throughout optimization at 10 µm. The out-of-plane thickness of the entire structure was fixed at 20 µm. Constraints represented in (4)- (7) were imposed on the design optimization routine. Young's modulus (E) of single crystal silicon ({1 0 0} orientation) was taken to be 168.9 GPa [24] .
Optimization results
The overall size and structure of the optimized finger structure are shown in figure 10 . The overall length and width of each finger are 3.7 mm and 4.5 mm, respectively. In order to verify the MATLAB results and visualize the finger input-output motion behavior, the initial and final optimized solutions were also modeled in the commercial finite element software ANSYS. The plane frame representation in MATLAB was compared with an equivalent solid model in ANSYS for both initial and optimized solutions (figures 11 and 12, table 3). PLANE82 elements were used to model the finger in ANSYS. The comparison of the results in table 3 shows a very good agreement between the MATLAB frame models and the ANSYS solid models, thus validating the FE code implemented in MATLAB. Figure 13 shows the optimized workspace of fingers obtained from the ANSYS model of the optimized solution. F 1 and F 2 are the actuation forces of actuators 1 and 2 respectively on finger 2. Using the ANSYS model, the actuator force at maximum input displacement of 10 µm was determined to be 37.72 mN. 
Fabrication
A prototype of the optimized design of the manipulation station was fabricated using the conventional microfabrication techniques. To facilitate mechanical probing of the structure for this study, notches were added at each actuation point in the optimized design. The device was fabricated on a SOI (silicon-on-insulator) wafers with a device layer thickness of 20 µm, buried oxide layer thickness of 2 µm and handle layer thickness of 250 µm. The microfabrication process sequence is illustrated in figure 14 and described in the following paragraphs.
The first step in the fabrication processes involved photololithography followed by deep reactive ion etching (DRIE) for 5 min (see figure 14, step 1 ). This step was to ensure that the silicon layer is etched all the way through 20 µm down to the oxide layer, which serves as an etch stop in DRIE. Following the DRIE etching of device silicon, the finger structure was released by means of a backside KOH etch. In this process, the wafers were coated on both sides with 100 nm of silicon nitride using LPCVD (low pressure chemical vapor deposition) to serve as an etch mask for a KOH etch of the handle layer while protecting the device layer during the KOH etch process (figure 14, step 2). Photolithography followed by reactive ion etching (RIE) with CF 4 + O 2 plasma chemistry was carried out on the backside to pattern the silicon nitride layer to create etch windows for KOH etch ( figure 14, step 3) . The frontside of the wafer was then coated with a chrome (Cr) adhesion layer and a 60 nm gold (Au) layer to serve as additional protection to the device layer ( figure 14, step 4) . Then, the backside etching of the wafers was carried out in a KOH bath at 85
• with mild stirring ( figure 14, step 5 ). The buried oxide layer served as an etch stop by preventing the KOH from attacking the device layer. Following the backside etch, the gold layer was stripped using a gold etchant (TFA, Transene) and the chrome layer was stripped using a Cr etchant (CEP-200, Microchrome Technologies, Inc., San Jose, CA), and finally, the silicon nitride was stripped in RIE using CF 4 + O 2 plasma. The oxide layer was then etched away using a buffered oxide etch (BOE), and the fingers were released completely ( figure 14, step 6 ). Figure 15 (A) shows a 1 cm 2 die cut from a wafer after the DRIE step and figure 15(B) shows a picture of the top-view of the manipulator station prototype along with a SEM image of the pinchers in a close-up view in the inset.
Experiments
The prototype of the micromanipulator station was experimentally characterized with the following objectives: (i) to verify the input-output mechanical motion behavior of the finger mechanism by measuring its input actuation (manual probing) and output tip displacements and (ii) to qualitatively demonstrate the manipulability of microspheres using the fabricated micromanipulation station.
The experimental setup is shown in figure 16 comprised of a compound microscope and a Nikon DXM1200 camera attached to a computer. The output tip displacements of the finger mechanism were measured on a calibrated image acquired through Metamorph, image acquisition software. The input displacement was applied at only one of the two actuation points of each finger, and the other actuation was left free. Probes mounted on manual micropositioners were maneuvered to pull down on the notches at the input actuation points to provide the input displacement actuation to the finger. The fingertip displacements corresponding to each input displacement value were measured and recorded. The close-up details of the input actuation and the output finger response are shown in figures 17 and 18, respectively.
The displacements of the pincher tip in two orthogonal component directions (x and y) were measured independently displacements of the pincher, plotted in figure 19 , were found to be in excellent agreement with the corresponding displacements obtained from the ANSYS FE model. The linear relationship between the input and output displacements of the finger mechanism observed in figure 19 also validates the linear assumption in the design of the mechanism within its range of operation. The second set of experiments involving coordinated gripping and positioning of micro-spheres were conducted to demonstrate the feasibility of micro-scale gripping using the fabricated micro-manipulator prototype. Polystyrene microspheres (15 µm and 25 µm in diameter) suspended in a solution of 0.02% sodium azide were chosen as the micro-objects for preliminary demonstration of coordinated manipulation capability of the micromanipulator.
A microsphere was transferred from the solution on to the workspace of the micromanipulator via a probe. A probe tip was first dipped into the solution to achieve a coating of microspheres in the vicinity of its 25 µm probe tip and then moved over to the workspace area in between two adjacent fingers of the manipulator station by mounting it on a highprecision micropositioner. Manual positioners were then used to actuate the individual fingers such that they detach the microsphere from the probe tip and grip it between the fingers, thus qualitatively demonstrating coordinated manipulation using multiple fingers in the micromanipulator station. Figure 20 shows a microsphere of diameter 15 µm being held between two fingers. Also seen in the figure in the upper left corner is the probe tip, which was used to transfer the microspheres.
Concluding remarks
A novel concept of a micromanipulator station for planar coordinated micromanipulation was introduced and a baseline design of the concept tailored for manipulation of microspheres was obtained through systematic modeling and optimization for maximization of the manipulator workspace. A proof-of-concept prototype of the micromanipulator design was fabricated using standard microfabrication techniques and its motion characteristics were studied using manual mechanical probing.
An excellent correlation between the experimental and theoretical results of the input/output characteristics of a finger of the prototype manipulator station was demonstrated, thereby validating the theoretical design principles and the fabrication process. The qualitative manipulation of 15 µm polystyrene micro-spheres confirms the basic feasibility of accomplishing coordinated manipulation using the proposed micromanipulation station. Precise point-to-point coordinated manipulation was not demonstrated due to the limitations of the manual actuations at multiple input points in the proof-of-concept prototype. However, miniaturized piezoelectric actuators capable of subnanometer resolutions to be integrated at the actuation points in each finger in the future generation micromanipulator stations can enable programmable controlled coordinated micromanipulation with tip displacements and resolutions on the order of sub-nanometers.
